Background Revision for prosthetic joint infection (PJI) has a major effect on patients' health but it remains unclear if early PJI after primary THA is associated with a high mortality. Questions/Purposes (1) Do patients with a revision for PJI within 1 year of primary THA have increased mortality compared with patients who do not undergo revision for any reason within 1 year of primary THA? (2) Do patients who undergo a revision for PJI within 1 year of primary THA have an increased mortality risk compared with patients who undergo an aseptic revision? (3) Are there particular bacteria among patients with PJI that are associated with an increased risk of death? Methods This population-based cohort study was based on the longitudinally maintained Danish Hip Arthroplasty Register on primary THA performed in Denmark from 2005 to 2014. Data from the Danish Hip Arthroplasty Register were linked to microbiology databases, the National Register of Patients, and the Civil Registration System to obtain data on microbiology, comorbidity, and vital status on all patients. Because reporting to the register is compulsory for all public and private hospitals in Denmark, the completeness of registration is 98% for primary THA and 92% for revisions (2016 annual report). The mortality risk for the patients who underwent revision for PJI within 1 year from implantation of primary THA was compared with (1) the mortality risk for patients who did not undergo revision for any reason within 1 year of primary THA; and (2) the mortality risk for patients who underwent an aseptic revision. A total of 68,504 primary THAs in 59,954 patients were identified, of those 445 primary THAs underwent revision for PJI, 1350 primary THAs underwent revision for other causes and the remaining 66,709 primary THAs did not undergo revision. 
Introduction
One of the most-feared complications in THA is prosthetic joint infection (PJI) because it is associated with more readmissions [19] , longer length of stay [23] , and subsequent revisions [5] . Furthermore, one study including THA and TKA showed that there is an increased mortality risk within 1 year after revision for PJI [27] . However, not all studies have identified PJI to be associated with a higher mortality risk [4, 24] , and so far studies of PJI and mortality have been based on a mixture of THA and TKA [24, 27] , patients from a single institution [4, 24, 27] , and without a maximum defined interval from primary THA surgery to revision for PJI [4, 24, 27] .
Preferably, studies of mortality risk after PJI in THA should be performed on large national or international unselected cohorts. National arthroplasty registers such as the Danish Hip Arthroplasty Register offer such large cohorts, but these national registers are hampered by their accuracy in registration of revision resulting from PJI [6, 8, 11] . However, we have achieved data of very-high validity on PJI from the Danish Hip Arthroplasty Register when data are linked with data from the microbiology databases [7] . Furthermore, the national civil registration system in Denmark allows for complete and precise followup of all Danish citizens.
The objective of this article was to study the mortality risk of patients who were surgically treated for a PJI within 1 year after a primary THA. Specifically, we asked whether (1) patients with a revision for PJI within 1 year after primary THA have an increased 1-year mortality risk compared with patients who did not undergo revision within 1 year after primary THA, (2) patients who undergo revision for PJI have an increased 1-year mortality risk compared with patients who undergo aseptic revision, and (3) there may be particular bacteria among patients with PJI that are associated with an increased risk of death.
Materials and Methods
We conducted this study in Denmark (population 5,627,235 in 2014) using longitudinally maintained data from population-based clinical quality and administrative registers. We included patients reported to the Danish Hip Arthroplasty Register with a primary THA from 2005 to 2014. The Danish Hip Arthroplasty Register was linked on a person level with microbiology databases, the National Register of Patients, and the Civil Registration System.
The Danish Hip Arthroplasty Register
The Danish Hip Arthroplasty Register is a clinical-quality database that contains information on primary THA and revisions performed in Denmark including type of preoperative prophylactic antibiotic treatment before revision. Because reporting to the register is compulsory for all public and private hospitals in Denmark, the completeness of registration is 98% for primary THA and 92% for revisions, according to the 2016 annual report [5] . Primary diagnosis and the PJI diagnosis in the register have been validated [7, 15] . The primary THA can be linked to any following revisions by use of the registered operation side and the unique civil registration number. The Danish Hip Arthroplasty Register holds data on various variables including duration of surgery and preoperative prophylactic antibiotics.
The Civil Registration System
All Danish citizens are assigned a unique and unchangeable civil registration number at date of birth or immigration. The register is updated daily and the prevalence of disappearing persons is only 0.3%, which allows for complete followup for all patients, except those who emigrate from Denmark [20] . The Civil Registration System holds information on date of birth, sex, emigration, and death. The civil registration number is recorded in all Danish registers, which allows for unambiguous linkage. [16] at the time of implantation of primary THA. Recorded primary and secondary diagnoses were included. All diagnoses used in the Charlson Comorbidity Index score have been validated [21] . Diagnoses in the National Register of Patients are used by the Danish National health and medicine authorities to reimburse departments, which motivates them for reporting to the register.
Microbiology Databases
All departments of clinical microbiology in Denmark maintain electronic laboratory information systems. Since January 2010 an electronic copy of the microbiology report has automatically been sent on a daily basis from the electronic laboratory information systems to the national Danish Microbiology Database. Data in the register have been validated [2] . Before 2010 information on intraoperative cultures was extracted from the electronic laboratory information system, and after 2010, information was extracted from the national Danish Microbiology Database. The local electronic laboratory information systems and the national Danish Microbiology Database store the information automatically in the databases and the information and coverage should be complete on a national level.
Study Population
Inclusion criteria were primary THA performed between January 1, 2005, and December 31, 2009, in the Danish provinces of Jutland or Funen (3 million inhabitants of a population of 5.7 million in Denmark) or performed in Denmark (5.7 million) between January 1, 2010, and December 31, 2014. The reason why only patients from Jutland and Funen were included before 2010 was that information regarding intraoperative cultures was accessible only from these two providences before 2010. Information regarding intraoperative cultures was extracted manually for patients who before 2010 had a primary THA performed in Jutland or Funen and a subsequent revision performed outside these two provinces. This ensured that all data regarding intraoperative cultures from revisions were included in the study. Exclusion criteria were incorrect civil registration number reported to the Danish Hip Arthroplasty Register, more than one primary THA registered with the same operation side, and missing information regarding operation side or date (Fig. 1 ). In the case of bilateral THAs, both hips were included. In the first analysis patients were followed until death or 1 year from the primary THA, whichever came first. In the second analysis, patients were followed 1 year from the date of revision. Patients who underwent surgery in Jutland or Funen before 2011 were included in a previous study [6] .
Revision was defined as any subsequent operation on the primary THA, including débridement without removal of any part of the prosthesis. A revision was defined as resulting from PJI if either three or more intraoperative cultures showed growth of the same virulent or opportunistic bacteria or ''deep infection'' was reported to the Danish Hip Arthroplasty Register as the indication for revision. If all five or more intraoperative cultures from the revision were negative, the revision was classified as aseptic, regardless of the registered indication in the Danish Hip Arthroplasty Register. If no intraoperative cultures were taken during surgery the revision was classified as PJI or aseptic based on the reported diagnosis to the Danish Hip Arthroplasty Register alone. This definition was validated in a previous study [7] .
We classified the study population in three groups according to the event within 1 year after primary THA (Fig 1) : Revision for PJI: all patients with a revision for PJI within 1 year after primary THA; Aseptic revision: all patients with an aseptic revision within 1 year after primary THA; and Nonrevision population: all patients who did not undergo revision for any reason during the first year after primary THA.
A total of 68,504 primary THAs were identified in 59,954 patients. Twenty-eight patients (0.04%) with 30 primary THAs emigrated within 1 year of their primary THA. The median age of the patients at the time of the primary THA was 70 years (interquartile range, 62-77 years), and the majority were women (56%) ( Table 1) . Within 1 year of followup from the primary THA, 1871 patients had died, accounting for 1907 primary THAs. Of the 68,504 primary THAs, 1795 were revised within 1 year. Four hundred forty-five of these were attributable to a PJI according to our definition (revision for PJI), 1350 underwent aseptic revision, and the remaining 66,709 did not undergo revision for any cause (nonrevision population) (Fig. 1) .
Statistics
The incidence of PJI for the study population was estimated with the cumulative competing risk analysis, treating death and revisions resulting from other indications than PJI as competing risk. The 1-year incidence of PJI was 0.65 (95% CI, 0.59-0.71).
The 1-year incidence of mortality was estimated using Kaplan-Meier analysis and for the entire study population was 3% (95% CI, 3%-3%), but was notably higher if patients underwent revision for PJI (Table 2) . We performed three analyses to test our three research questions.
Revision for PJI versus Nonrevision
We compared the relative mortality risk within 1 year from primary THA for patients who underwent revision for PJI within 1 year of their primary THA with the mortality risk for patients who did not undergo revision for any reason during the first year after primary THA (Fig. 1 ). All patients were followed until death or 1 year after primary THA. To avoid immortality bias for patients who had revision for PJI, we used the illness-death model in which a time-dependent variable was introduced and the period from the primary THA to PJI revision was classified as nonPJI time [25] . The relative risk was estimated with the pseudovalue method [1] . We adjusted for age (\ 60 years, 60-70, 70-80, [ 80 years), sex, and comorbidity (Charlson Comorbidity Index score: low = 0, medium = 1-2, and high = C 3).
Revision for PJI versus Aseptic Revision
Only patients from the study population who had undergone a revision (PJI or aseptic) were included in this analysis (Fig. 1) . The relative mortality risk between patients with a revision for PJI and patients with an aseptic revision was estimated with the pseudovalue method [1] . Patients were followed for a maximum of 1 year from the date of revision surgery, because mortality more than 1 year after revision surgery is less likely to be influenced by PJI. Because the last extraction of data from the Danish Hip Arthroplasty Register was performed June 16, 2016, 16 patients who underwent revisions had a followup shorter than 1 year, but the minimum followup from the date of revision was 8 months.
We adjusted for age, sex, comorbidity, duration of revision surgery (0-60 minutes, 60-90 minutes, 90-120 minutes, C 120 minutes), and number of secondary revisions.
Revision for PJI: Bacteria Associated With High Mortality
For revisions for PJI, we further analyzed whether infection with the most-commonly identified bacteria species was associated with higher mortality risk than others (Staphylococcus aureus, coagulase-negative staphylococci, enterobacteriaceae, enterococcus, streptococcus, other bacteria groups, and polymicrobial infections). The relative mortality risk was estimated with the pseudovalue method [1] .
Results

Revision for PJI versus Nonrevision Population
Patients undergoing revision for PJI within 1 year of the index THA were more likely to die during the period of observation than those who underwent revision in the absence of infection. Of those who underwent revision for PJI, 8% (95% CI, 6%-11%) died within 1 year of the primary THA. In the nonrevision population, which included all patients who did not undergo revision for any cause, 3% (95% CI, 3%-3%) died, which was notably less than in the revision for PJI group (p \0.001). The adjusted relative mortality risk for patients with revisions for PJI was 2.18 (95% CI, 1.54-3.08) compared with the nonrevision population.
Revision for PJI Versus Aseptic Revision
Patients undergoing revision for PJI were more likely to die within 1 year of the revision surgery than those who underwent aseptic revision, of which 5% (95% CI, 4%-6%) died (p = 0.019). The adjusted relative mortality risk within 1 year of revision was 1.87 (95% CI, 1.11-3.15) for revision for PJI compared with aseptic revision.
Bacteriology and Risk of Death
Patients with PJI caused by enterococci had higher mortality risk within 1 year of revision than if PJI were caused by other bacteria species (Table 3 ). The relative mortality risk within 1 year of revision was 3.10 (95% CI, 1.66-5.81) times greater if the PJI was caused by enterococcus compared with all other bacteria as a group (p \ 0.001). For the patients who had revision for PJI infected with enterococci, 36 of the 48 (75%) were treated exclusively with b-lactam antibiotics preoperatively (Table 4) .
Discussion
Patients who undergo revision surgery for PJI have a higher risk of unplanned readmission [19] and longer length of stay [23] compared with patients who undergo revision surgery for other causes, which implies that PJI has a major effect on a patient's health. One study showed that revision for PJI in THAs or TKAs is associated with higher mortality than aseptic revision [27] , but not all studies have found this association [4, 24] . None of the previous published studies exclusively investigated the associated between revision for early postoperative PJI in primary THA and mortality. Our study showed that patients who acquire a PJI within 1 year after their primary THA have an increased mortality risk. The increased mortality risk is not related to the revision surgery exclusively, because patients with a revision performed for PJI have an increased mortality risk when compared with patients with aseptic revision surgery. Patients with an enterococci-infected THA were especially at risk for mortality.
This study has several limitations. The risk of misclassification of the outcome death is almost nonexistent [20] , but the sensitivity of the validated PJI diagnosis is only 90% [7] , which might cause some revisions for PJI to be misclassified as aseptic revisions. Thus, the incidence of PJI is probably underestimated and the relative mortality risk for revisions for PJI compared with aseptic revisions also might be underestimated. Conversely, regarding the relative mortality risk, the reverse effect also could be true; that the 10% misclassified PJIs may be misclassified because they are caused by low-virulence bacteria. These are associated with lower mortality than high-virulent bacteria causing us to overestimate the relative mortality risk associated with PJI. Nevertheless, this does not alter that patients with PJI have a higher mortality risk than patients without PJI as even patients undergoing revisions for PJI attributable to low-virulent bacteria most likely have a higher mortality risk than patients without PJI. The relative mortality risk for patients with PJI compared with the nonrevision population also might be underestimated because patients with nonsurgically treated PJIs were included in the nonrevision population; however, because the number of these most likely is limited [12] and probably has a different effect on the patients' health, we do not believe there is a great effect on our estimation. Some known important risk factors for PJI and mortality were not reported to the registers such as obesity, smoking, and alcohol abuse, which may result in unmeasured confounding. However, we did adjust for diabetes mellitus and chronic obstructive pulmonary disease, as these are included in the Charlson Comorbidity Index score. Although the indication for primary THA was known, we chose not to adjust for it as the number of events (deaths) in our study population limited the number of parameters for which we could adjust. This might have resulted in unmeasured confounding as, for example, femoral fractures are associated with an increased risk of PJI and death. This unmeasured confounding could result in an overestimation of the relative mortality risk. We did perform a second crude analysis including only patients with osteoarthritis but without adjusting for other confounders and found that it did not alter the result of a notability higher mortality associated with revision surgery for PJI. In this study we used cumulative competing risk analysis to estimate the PJI incidence, the Kaplan-Meier analysis to estimate the incidence of death, and the pseudovalue analysis to estimate the relative mortality risk. All three analyses are based on assumption of independent observations that are not entirely fulfilled for bilateral THAs. A previous study showed that the bilaterally issue in register settings has little practical consequence when the outcome studied is revision [17] , but this might not be applicable to death, which affects both hips. A solution to this problem could be to include only one primary THA for each patient, but that would lead to selection bias. Of the 59,954 patients 8550 had bilateral primary THAs and of those 39 patients had a primary THA on both sides within 1 year and died within 1 year after the first primary THA. Therefore, we believe it is unlikely that including bilateral THAs had a strong influence on our results. Patients with a revision surgery for PJI within 1 year of the primary THA had more than double relative mortality risk compared with the nonrevision population. This underlines that PJI is a devastating complication and should be a concern for patients and clinicians. Before undergoing a primary THA, patients with an increased risk of acquiring a PJI should be aware that not only is a PJI associated with increased risk of multiple revisions, readmissions to the hospital, and longer length-of-stay, it also is associated with an increased risk of death. The information also may be important for payment models depending on their construction. Treatment and research should focus on improving prevention and treatment of PJIs, for example, through more careful patient selection, identification of bacteria, and changes in practice management [10] .
The increased relative mortality risk between revision for PJI and aseptic revisions we found is somewhat lower than the fivefold increase in mortality described by Zmistowski et al. [27] . The difference in study populations might explain the difference in estimates between their study and our study; we included only revisions performed within 1 year of THA, because these would be the most clinically relevant for physicians and patients who have to decide whether to perform a primary THA if known risk factors for PJI are present, and the mortality is more likely to be influenced by the infection and revision than later events. Moreover, in contrast to the study by Zmistowski et al. [27] , who included TKAs and all revisions, only firsttime revisions and only THAs were included in our study. We structured our study in this manner because the risk of failure increases with each revision performed [5] , and THAs and TKAs differ on several parameters, including the risk of PJI and length of stay after a revision [9] . Finally, in contrast to the study by Zmistowski et al. [27] , Denmark has a rather homogeneous population and all Danish citizens have tax-supported free medical care.
Revisions for PJI caused by enterococci generally have a higher risk of failure [13, 18] , and this study showed that PJI caused by enterococci also is associated with a higher risk of death. An explanation for the higher mortality could be that enterococci have intrinsic antimicrobial resistance to b-lactams, which were the most commonly used prophylactic antibiotics before revision surgery (Table 4) . A b-lactam was used exclusively in 73% of the patients who had revision surgery (and in 75% of the patients who had revision surgery for PJI infected with enterococci). This might pose a problem in terms of antibiotic coverage in general because we also found a high percentage of coagulase-negative staphylococci, which has become increasingly resistant to b-lactams [14] . Adding vancomycin to the prophylactic treatment could be a solution [22] , as was done in 16% of the patients who had revision surgery. However, patients treated with preoperative prophylactic vancomycin had a similar mortality risk compared with patients treated with other types of preoperative prophylactic antibiotics. Furthermore, using vancomycin as standard treatment will probably result in an increase of side effects and antimicrobial resistance [26] . A more-efficient strategy might be to increase the number of PJIs diagnosed before revision, (using arthrocentesis), to reduce the risk of disregarding a PJI as presumable aseptic loosening and increase the chance of identifying bacteria and antimicrobial resistance before surgery.
Charnley [3] reported that the greatest challenge of THA was to eliminate PJI completely, but the history of arthroplasty has shown that we most likely will never overcome this challenge, and PJI will always be a risk when performing THA. In this registry study, we found that revision for PJI within 1 year of a primary THA induces an approximately twofold increased mortality risk during the year after the revision procedure. We also found that PJI caused by enterococci was associated with increased mortality risk compared with PJI caused by other bacteria. This underlines the need for further studies on identification of prognostic markers (eg, bacteria with antimicrobial resistance to the administered preoperative prophylactic antibiotic) and at-risk patients associated with a high risk of mortality after PJI.
